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Key Points:
 Seafloor massive sulfide deposits can be modelled in 3D by inverting seafloor magnetic 
and gravity data. 
 Sparse drilling can be improved upon with geophysical inverse modelling to enhance 3D 
deposit models. 
 An updated massive sulfide tonnage estimate was determined for the Trans-Atlantic 
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Abstract
Seafloor massive sulfide deposits form in remote environments, and the assessment of deposit 
size and composition through drilling is technically challenging and expensive. To aid the 
evaluation of the resource potential of seafloor massive sulfide deposits, three-dimensional 
inverse modelling of geophysical potential field data (magnetic and gravity) collected near the 
seafloor can be carried out to further enhance geologic models interpolated from sparse drilling. 
Here, we present inverse modelling results of magnetic and gravity data collected from the active
mound at the Trans-Atlantic Geotraverse hydrothermal vent field, located at 26o08'N on the Mid-
Atlantic Ridge, using autonomous underwater vehicle (AUV) and submersible surveying. Both 
minimum-structure and surface geometry inverse modelling methods were utilized. Through 
deposit-scale magnetic modelling, the outer extent of a chloritized alteration zone within the 
basalt host rock below the mound was resolved, providing an indication of the angle of the rising
hydrothermal fluid and the depth and volume of seawater/hydrothermal mixing zone. The 
thickness of the massive sulfide mound was determined by modelling the gravity data, enabling 
the tonnage of the mound to be estimated at 2.17 +/- 0.44 Mt through this geophysics-based, 
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1 Introduction
Seafloor massive sulfide (SMS) deposits form at the seafloor at sites of high-temperature 
hydrothermal venting. These metal-rich deposits represent the modern equivalents of ancient 
volcanogenic massive sulfide (VMS) deposits, and serve as a potential future source for copper, 
gold, silver, zinc, and lead (Hannington et al., 2011). They form at or near the seafloor by the 
precipitation of sulfide minerals from metal-laden hydrothermal fluids, where the remote 
environment and hostile conditions make conventional deposit assessment methods such as 
drilling challenging and expensive. 
The Trans-Atlantic Geotraverse (TAG) active mound is a hydrothermally active SMS deposit 
located on the hanging wall of a detachment fault at 26o08'N along the Mid-Atlantic Ridge (Fig. 
1; Rona et al., 1993; Tivey et al., 2003). The TAG mound is composed primarily of massive 
sulfide and anhydrite (Petersen et al., 2000). Drilling of the active mound was conducted in 1994
as part of the Ocean Drilling Program (ODP) Leg 158, from which a mineralogical 
reconstruction of the active mound's massive sulfide and sulfate interior, silicified wallrock 
breccia, and chloritized basalt unit was created (Knott et al., 1998; Smith & Humphris, 1998). 
The deposit’s outer most subseafloor alteration unit, the chloritized basalt, was intersected by 
three of the Leg 158 boreholes (TAG 1, 2b, and 4), but those boreholes did not penetrate deep 
enough to intersect the contact between the chloritized basalt and unaltered basalt. This 
chloritization of the seafloor is an alteration process that occurs as a result of the rising 
hydrothermal fluids mixing with the more magnesium rich local seawater at > 200°C (Galley & 
Koski, 1999; Humphris et al., 1998; Seyfried & Bischoff, 1981). Information regarding the depth
and scale of the local seawater circulation into the TAG hydrothermal system could be derived 
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Figure 1. a) The bathymetric map of the study area. The regional inversion model's volume of 
interest is outlined with a dotted white line, whereas the volume of interest for the deposit scale 
inversion is outlined by a solid white line. Structural information is from Graber et al. (2020); b) 
Map of the TAG active mound showing locations of the ODP Leg 158 boreholes; c) borehole 
lithology logs from Knott et al. (1998) projected onto a NW/SE cross section (white line in b). 
Bathymetric data with 2 m resolution was collected in 2016 using the GEOMAR AUV Abyss
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The rising hydrothermal fluids and their associated seafloor alteration have multiple effects on 
the physical properties of the crust. The hydrothermal fluids increase the rate of alteration of the 
titanomagnetite within the basalt to the less magnetic titanomaghemite, as well as increasing the 
rate of titanium dissolution from the titanomagnetites, making SMS deposits low magnetic 
anomalies both at the seafloor and deep into the crust (Szitkar et al., 2014; Wang et al., 2020). 
On the deposit scale all lithologic zones (i.e. the massive sulfide mound and the stockwork zone; 
Fig. 1c) within the chloritized basalt unit contain the lowest magnetic properties (Wang et al., 
2020), with a secondary low extending down the length of the hydrothermal fluid upflow zone
(Galley et al., 2020a). Despite the TAG mound being a homogeneous magnetic low, its massive 
sulfide mound unit can be distinguished from the other units by its anomalously high density
(Evans, 1996; Ludwig et al., 1998), caused by its primary composition of massive sulfide (with a
density of approximately 3.65 g/cm3 compared to 2.4 g/cm3 for basalt; Evans, 1996).   
Investigations of the subseafloor structure of SMS deposits have been mainly driven by drilling. 
The sparse drilling at the TAG active mound has provided key information on the geometry
(Humphris et al., 1995) and genesis of SMS and VMS deposits (You & Bickle, 1998), and has 
led to the TAG active mound model to be widely used as a representative for a generic SMS 
deposit (Galley et al., 2007). However, the geological interpretation of the TAG active mound 
was primarily two-dimensional (2D), with only one borehole (TAG 1) extending deep 
(approximately 120 m) into the deposit's core (Knott et al., 1998). The overall drilling was 
therefore not deep enough to determine the thickness of the chloritized basalt unit that underlies 
the silicified wallrock breccia zone, as the drillholes did not intersect the interface between 
chloritized and unaltered basalt. Additionally, to estimate the mound’s sulfide mineral tonnage, 
symmetry was assumed orthogonal to the 2D geologic interpretation (Hannington et al., 1998). 
This study expands on our previous knowledge of the geometry of subseafloor SMS 
hydrothermal alteration units by inverting for a 3D geophysical model of the chloritized basalt 
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The two most commonly used methods for modelling magnetic data from SMS deposits are 
those of Parker & Huestis (1974) and Honsho et al. (2012), which both solve for a magnetization
distribution. The distribution varies laterally, with no vertical changes and a fixed thickness to 
the magnetized crustal layer, typically 500 m (Szitkar & Dyment, 2015), but the thickness has 
also been defined by the Curie isotherm depth (Bouligand et al., 2020). Minimum-structure 
inverse modelling can be an effective alternative method to model the variations in physical 
properties around and within SMS deposits (Kowalczyk, 2011; Caratori Tontini et al., 2012; 
Galley, et al., 2020a). This modelling method uses a three-dimensional discretization of the crust,
known as a mesh, and solves for the target physical property values inside each of the mesh’s 
cells. Minimum-structure inverse modelling is robust, requiring little prior knowledge of the 
subsurface to construct a feasible geophysical model (Constable et al., 1987). Here, the 
minimum-structure inverse modelling uses the method as described in Galley et al. (2020a), 
which discretizes the crust using a tetrahedral mesh as to closely fit the variable bathymetry and 
solves for the effective magnetic susceptibility in each tetrahedral cell. 
Minimum-structure inverse models are smooth by design and as such can have difficulty 
determining the locations of discrete or almost discrete boundaries between petrophysically 
contrasting lithological units. To further improve upon a subsurface physical property model, a 
surface geometry inversion (SGI) method can be used to solve for a wireframe model of an SMS 
deposit (Galley et al., 2020b). Our SGI method creates a wireframe surface model of rock unit 
contacts by inverting for the 3D position of the vertices that define the surface mesh. This is 
accomplished using first a Genetic Algorithm (GA) to find the model that best fits the data, 
followed by a Monte-Carlo Markov chain (MCMC) to calculate the model’s uncertainty. 
Modelling SMS deposits as wireframe models creates geophysical models that are formatted 
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Previous geophysical models of the TAG active mound have included inverting magnetic data to 
study the lateral variations in magnetization at the deposit (Szitkar & Dyment, 2015; Tivey et al.,
1993), as well as inverting controlled-source electromagnetic (CSEM) data to develop 2D 
conductivity cross-sections through the TAG mound (Gehrmann et al., 2019). The magnetization
models have led to the lateral extents of the near-surface hydrothermal alteration to be mapped, 
allowing the deposit to be identified by a low magnetization anomaly that extends into the 
seafloor; however the models did not identify the vertical variations in the deposit’s alteration.
Gehrmann et al. (2019)’s CSEM inversions included two ~100 m thick cross-sectional models 
that passed orthogonally through the TAG active mound, allowing the high conductivity regions 
associated with massive sulfide mineralization to be identified. The relatively shallow depth of 
penetration of these CSEM models allows them to map the conductivity anomalies in the upper 
alteration units of the mound, but the smooth nature of the minimum-structure inversion models 
limits the model resolution and creates difficulties when trying to identify the thickness of the 
zone of mineralization. 
With the incorporation of the Leg 158 drilling information, AUV magnetic data collected during 
the 2016 RV Meteor M127 cruise (Petersen and Shipboard Scientific Party, 2016) and seafloor 
gravity data collected in the Shinkai 6500 submersible (Evans, 1996), minimum-structure and 
SGI models are used to develop a new three-dimensional geological model of the TAG active 
mound system. This model relies on two steps: 1) modelling of the effective magnetic 
susceptibility distribution around and within the TAG active mound using minimum-structure 
inverse modelling; 2) modelling the discrete contact boundaries between the deposit and 
surrounding basalt host rock using magnetic and gravity SGI. Our modelling has developed, to 
the best of our knowledge, the first 3D model of the TAG mound derived from geophysical data, 
an improved sulfide tonnage estimate evaluation for the deposit, and a better understanding of 
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Two modelling methods were used in this study, the minimum-structure inverse modelling 
method and the surface geometry inversion method. Both solve for the form of a spatial 
distribution of a physical property in the crust but do so in two fundamentally different ways. 
2.1 Minimum-structure Inverse Modelling
The minimum-structure inversion method is arguably the most common inverse modelling 
method used in geophysical studies (Farquharson & Lelièvre, 2017). The method solves for a 
smooth distribution of the target physical property in the subsurface, generating a blurred 
subsurface model. A cell-based mesh is used during minimum-structure inversions, which 
discretizes the subsurface into several fixed voxels that each contain a homogeneous physical 
property value. In our minimum-structure magnetic modelling we use a tetrahedral discretization
for all the inversions’ meshes, as these unstructured meshes allow for very accurate 
representation of variable bathymetry on the surface of the mesh as well as being able to 
efficiently incorporate zones of variable mesh discretization (Lelièvre et al., 2012). To construct 
our meshes we use the program Triangle (Shewchuk, 1996) to develop a 2D Delaunay triangular 
surface to represent the bathymetric surface, and the program Tetgen (Si, 2015) to fill the 3D 
volume below the bathymetric surface with tetrahedra. 
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and model measure ϕm. λ is the trade-off parameter between the data and model measure
(Constable et al., 1987). The predicted data, d i , pred , are calculated using Okabe (1979)’s 
algorithm, the observed data, d i , obs, are the measured magnetic data with noise σ i. The model 
measure only contains a smoothing term, as no smallness measure or reference model was used 
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ϕm=v f
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In Eq. 3 W s is the weighting matrix, v f  the array of integration cell volumes, and Df  is the 
general difference matrix applied to the array of model parameters m (Lelièvre & Farquharson, 
2013). In Eq. 3 the L2 norm is used on the model misfit (Constable et al., 1987), as well as a 
variation of Li & Oldenburg (2000) sensitivity weighting, to preferentially weight cells with low 
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for the jth cell in the mesh with N  cells, whose volume is v j. G denotes the inverse problem’s 
sensitivity matrix, with elements Gij. 
2.2 Surface Geometry Inverse Modelling
The second inversion method used in this study is the SGI method of Galley et al., (2020b). 
Rather than solving for the physical properties in several cells, the SGI method holds the 
physical property values in a number of geometry bodies constant and alters the shape of the 
body until the predicted data sufficiently fit the observed geophysical data. Each of these 
anomalous bodies are parameterized by a surface tessellation of triangular facets, defining the 
discrete contact between differing geologic units. As such, the inversion method is parameterized
by the 3D Cartesian coordinates of each vertex that defines the wireframe surface mesh. This 
parameterization often leaves the inverse problem over-determined, reducing the non-uniqueness
of the problem compared to the under-determined minimum-structure method. Okabe (1979)’s 
forward algorithm was also used by this inversion program. 
The topology of the SGI’s wireframe surface mesh is not able to vary throughout the inversion, 
and as such its initial design holds some weight on how close of a data fit will be possible. To 
construct the wireframe surface meshes the program FacetModeller was used (Lelièvre et al., 
2018), which allowed the user to place the defining vertices in 3D space and govern their 
connectivity through manual placement of the surface’s triangular facets. As such, it is simple to 
incorporate any prior geologic information in the surface mesh, such as location of lithological 
contacts derived from borehole samples. 
A GA was used to minimize the inversion’s objective function, which is simply the data misfit, as
the method’s spatial parameterization has the possibility to add local minima to the solution 
space. After a best fit model is found from the GA a MCMC sampling is used to derive a model 
uncertainty and a mean inversion model. 
An assumption that has been made in the developed SGI method's design is that the physical 
properties of each rock unit in the model remained fixed during the inversion. It is trivial to allow
those physical properties to change as well as the surface geometry parameters (control node 
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parameter vector. Instead, a suite of inversion models was produced with different physical 
property values, and these models were accessed relative to the drilling information to determine 
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3 Data
3.1 Bathymetric Data
The bathymetric data were collected during the 2016 R/V Meteor M127 cruise using GEOMAR 
AUV Abyss, equipped with a RESON Seabat 7125 multibeam echosounder. The echosounder 
used a frequency of 200 kHz. The surveys were flown at a speed of 3 knots and line spacing of 
80-100 m, resulting in a 2 m resolution bathymetric data set (Petersen and Shipboard Scientific 
Party, 2016). The bathymetric data was merged with MB Systems based on the location of 
prominent seafloor features, including the re-entry cone placed on the TAG mound during the 
1994 ODP drilling that was visible in the high-resolution data. Erroneous soundings were 
removed using QPS Qimera. From the original dataset a 3 by 3 km2 region centered on the TAG 
active mound was used in this study (Fig. 1a). 
3.2 Magnetic Data
During the M127 cruise, Abyss was equipped with an Applied Physics System APS 1540 Digital 
3-Axis Miniature Fluxgate Magnetometer, which collected measurements at a 10 Hz sampling 
rate. The magnetic data set was cropped to only include measurements within the 1.2x1.2 km2 
region centered on the TAG active mound (Fig. 2a). The magnetic dataset was processed to 
remove the induced and permanent magnetization effects from the AUV by conducting a figure-
eight calibration dive with the AUV/magnetometer and using those data to solve for the AUV’s 
magnetic properties with a least-squares method (Honsho et al., 2013). The magnetic data were 
also low-pass filtered with a 0.25 Hz cut-off to remove very short wavelength features associated
with noise and the effects of the AUV propeller. The dataset was then down-sampled to a point 
every 50 m along the survey lines to reduce the computational expense of the inverse modelling, 
without reduction in the quality of the constructed models. The 50 m down-sampling was done 
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Figure 2. Processed data used in the magnetic inverse modelling. a) The total magnetic anomaly 
data measured during the RV Meteor M127 cruise, used in the regional minimum-structure 
inverse modelling; b) the regional-removed magnetic anomaly data used in the deposit-scale 
minimum-structure inverse modelling; c the regional-removed and filtered magnetic anomaly 
data used in the SGI; and d-f) are the respective normalized data residuals form the inversions of 
the data in a-c. In b, c, e, and f the white outline represents the extent of the deposit-scale mesh. 
In all images the locations of the observation points are shown as black dots and 5 m bathymetric
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The magnetic data’s noise is an unknown in this study. The magnetometer has very low system 
noise (quantified at 0.5 nT), but the uncertainty in the observation points’ lateral positions creates
a larger, secondary noise. In comparison, the vertical position of the AUV, determined from 
altimeter and depth readings collected while surveying, is more precise. The AUV’s lateral 
position is tracked from an initial calibrated position using an inertial navigation system. Ideally, 
this would be able to accurately locate the position of the AUV throughout its surveying, but any 
seafloor currents will gradually shift it away from its inferred position. An 8% relative noise was 
assigned to the data, derived by adjusting how closely the study’s minimum-structure inversion 
models could fit the data without producing artifacts. This noise would be equivalent to a 6-8 m 
uncertainty in the AUV’s lateral position (Fig. S1). 
3.3 Gravity Data
The dataset from the gravity survey collected over the TAG active mound was composed of 11 
stations roughly aligned along a North-South line crossing the mound (Fig. 3a, b), collected 
during the 1994 R/V Yokosuka MODE’94 cruise. The measurements were collected manually 
from the Shinkai 6500 submersible on the seafloor with a Scintrex CG-3 autograv gravimeter
(Evans, 1996). The data were first levelled using the northern most station as a reference point, 
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where γa = 0.309 mGal/m is the free-air gradient, ρW  = 1.02 g/cm
3 was used as the density of 
seawater, G is the gravitational constant, and D is the array of station elevation measurements 
relative to the reference station (Ishihara et al., 2018). The forward signal of a background model
built with 2 m resolution bathymetric data of the seafloor about the mound, with density 2.4 
g/cm3 (Evans, 1996), was then removed to produce the Bouguer anomaly data. The 2 m 
resolution bathymetric data did not extend sufficiently far away from the observation points, so 
the linear trend left in the Bouguer anomaly data was calculated with a least-squares method and 
removed. The gravity data’s noise was derived from the system noise of the gravimeter, as well 
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Figure 3. The gravity data collected over the TAG active mound as well as its SGI model. a) The
locations of the gravity measurement stations are shown on the bathymetric map; b) a plot 
displaying the measured Bouguer anomaly data (black circles) compared to the data resulting 
from the SGI (orange hexagons); c) the initial model for the massive sulfide layer shown relative 
to the surrounding bathymetry; d) the SGI result relative to the surrounding bathymetry; and e) 
the SGI model colored based on the standard deviation of the vertical position of the surface 
model. The black contour lines in a mark 5 m depth intervals and the error bars in b signify the 
magnitude of the data’s standard deviation. 
4 Results
4.1 Magnetic Inverse Modelling
Two minimum-structure inversion models were constructed to produce first-pass three-
dimensional magnetic susceptibility distributions that fit the observed data (Fig. 2a). Firstly, a 
regional minimum-structure model was produced (Fig. 4a), from which we could determine the 
volume of seafloor that fully encompasses the magnetic low representing the hydrothermal 
alteration associated with the deposit. Both magnetic inversion methods used in this study 
assume that the induced magnetic fields in the subsurface are parallel to the geomagnetic 
reference field, allowing the method to solve for the scalar effective magnetic susceptibility. To 
rule out the possible presence of remanent magnetization that might perturb the magnetization 
vectors in the crust away from the Earth’s inducing field a total magnetization vector inversion 
(TMVI) was performed to access the variance in the inclination and declination of the 
magnetization vectors in the constructed model (Fig. S3; Lelièvre & Oldenburg, 2009). The 
result of this showed that there was little to no remanence oblique to the Earth’s inducing field, 
allowing scalar magnetic susceptibility models to sufficiently reconstruct the crust’s magnetic 
properties around the TAG mound. The larger scale, scalar magnetic inversion was solely used to
determine the minimum volume of altered oceanic crust around the TAG mound, so that more 
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To perform small-scale modelling of the deposit, a regional data removal was used to isolate a 
300 by 300 by 300 m3 volume enclosing the mound (Li & Oldenburg, 1998). The regionally-
removed dataset was produced by creating a second regional inversion model that overfitted the 
magnetic data assuming a 0.3% noise. Over-fitting the data during the regional-removal process 
is key to ensuring that the remaining magnetic signal comes solely from the isolated volume. 
After isolating the volume of seafloor directly around the TAG active mound, the forward signal 
from the remainder of the model could be calculated and subtracted from the observed magnetic 
data to isolate the magnetic signature of the deposit (Fig. 2b; Li & Oldenburg, 1998). With the 
derived regional-removed data, a second inversion model could be produced with a much greater
cell compactness (608,134 cells within a 300 by 300 by 330 m3 volume, versus 443,749 cells 
within a 3 by 3 by 1.8 km3 volume) and higher bathymetric surface resolution (an average 
triangular facet area of 2.7 m2 versus 50 m2), creating a more accurate minimum-structure 
inversion model of the TAG active mound (Fig. 4b). Comparing the magnetic features between 
the regional and deposit-scale inversion models affirms that the regional-removal did not subtract
any data features that correspond to magnetic features in the isolated volume (Fig. 4). Both 
minimum-structure inversions used a positivity constraint on their effective magnetic 
susceptibility. The regional inversion took 25 iterations and 4.1 hours to complete, and the 
deposit-scale inversion took 24 iterations and 45 minutes. Each inversion was run in parallel on 
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Figure 4. The minimum-structure inversion results from the regional and deposit-scale models. 
a) The regional model shown in plan view and West-East and North-South cross sections. b) The
deposit scale minimum-structure model. The mean surface-intersect for the chloritized basalt 
SGI is shown as a dark green line, and the base of the massive sulfide SGI layer in red. The one 
standard deviation shifted models are shown as a light green line for the chloritized basalt model,
and orange for the massive sulfide model. Bathymetric contour lines (5 m interval) are shown in 
black. In the deposit-scale cross sections isotherms are overlain onto the bathymetry to compare 
with the geometry of the magnetic low anomaly (Grant et al., 2018). 
Next, we applied an additional processing procedure to further refine the magnetic data near the 
TAG active mound in preparation for the more targeted SGI modelling. Ideally, when 
constructing surface models of the subsurface one would want a homogeneous background with 
the single anomalous body contained within. However, the crust directly adjacent to the TAG 
active mound is inhomogeneous, containing zones of anomalously high magnetic susceptibility 
near the seafloor likely indicating areas of younger extrusive rocks (Fig. 4b). To remove the 
components of the magnetic data that correspond to the anomalously high regions, a five step 
workflow was developed (Fig. 5): 1) invert the data derived from the regional removal; 2) isolate
the cells that contain magnetic susceptibilities above the observed background value in the 
regional inversion model (in this case 0.08 SI; Fig. 4b), subtract the background value from the 
magnetic susceptibilities in the isolated cells to get anomalous susceptibilities relative to the 
background (0.08 SI); 3) calculate the forward signal from the isolated cells derived from step 2; 
4) subtract the isolated cells' forward signal from the regional-removed data; and 5) invert the 
resulting data set to create a magnetic susceptibility model effectively free of anomalously high 
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Figure 5. The workflow to deprive the magnetic data from undesirable anomalously high 
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The background value of 0.08 SI was chosen from the distribution of magnetic susceptibilities in 
the regional-removed model. As seen in Figure 6, there are 2 major peaks in the histograms, one 
about 0.0 SI representing the anomalously low magnetic susceptibility of the TAG active mound,
and the second at 0.08 SI representing the background. The curve representing the model’s 
background magnetic susceptibility in the regional-removed model is wider compared to the 
filtered model. After further processing the data by removing the signal components related to 
the high magnetic susceptibility region (Fig. 5), the filtered model distribution develops a more 
prominent mean at 0.07-0.075 SI bin (Fig. 6). Fitting a normal distribution to the background 
susceptibility values in the filtered model results in an approximate distribution with mean 0.07 
SI and 0.01 SI standard deviation. 
Figure 6. Two histograms representing the distribution of magnetic susceptibility values in the 
cells of the region-removed and 0.08 SI filtered models. 
An SGI can now be performed on the resulting filtered data (Fig. 2c) to model the TAG active 
mound as an anomalous low inside an approximately homogeneous background. The first step in
our SGI is to design an initial model for the inversion. Spatial bounds are then applied to the 
model vertices to develop an initialization volume. The initialization volume is defined as the 
volume of space that the solution model is assumed to exist in and acts as the search volume 
during the inversion process. For the TAG active mound, the drillcore provide enough 
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The initial model for the chloritized basalt (Fig. 7a, b) was defined as the inferred inner surface 
of this alteration type (see Fig. 1b for the drilling information), acting as a minimum volume that 
the SGI would then expand. The surface model was composed of 14 vertices, each of which 
could move in all three dimensions, resulting in 42 inversion parameters for the SGI. We held the
model's physical properties constant throughout the inversion, using a value of 10-5 SI for the 
TAG active mound (Zhao et al., 1998), and a value of 0.08 SI for the background, as derived 
from the voxel inverse modelling. To bound the vertices in 3D, relative to their initial position 
(see Fig. 7a, b), constraints were assigned: +/- 30 m for the upper seven vertices in the horizontal
(East-West and North-South) plane, and vertical constraint of +0 m/-20 m; +/- 100 m 
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Figure 7. The initial model a, b and inversion result c, d for the magnetic SGI. a) The plan view 
of the initial magnetic model with the bathymetry surface of TAG removed, and b) the same 
model including the bathymetric surface side on. The vertices of the initial model are grey 
spheres, and the top of the TAG active mound is colored based on its bathymetry. c) The TAG 
active mound's sub-seafloor hydrothermal alteration SGI model result, with the mean model 
colored based off its vertices' standard deviations. The translucent grey surface is the mean 
model expanded by one standard deviation. d) Two half-slices of the magnetic and gravity SGI 
models, colored by the surfaces' vertices' standard deviations. 
As the physical properties in the SGI model are constant throughout the modelling, some 
uncertainty assessment is required to justify the choice of the anomalous and background 
susceptibilities. The assessment was performed by creating a suite of SGI models with varying 
magnetic susceptibility values, comparing the different models to the active mound’s drillcore, 
then choosing the most geologically accurate model. The range of background magnetic 
susceptibilities were chosen from the fitted normal distribution of Fig. 6, which had a mean of 
0.07 SI and a standard deviation of 0.01 SI, created a range of [0.06, 0.08] SI. SGI models 
created with background susceptibilities of less and or equal to 0.075 SI produced a chloritized 
basalt model that was too small and did not agree with the bounds on the alteration units as 
defined from the drillcore. Models inverted with background values of 0.07, 0.075, and 0.08 SI 
(Fig. 8a) demonstrating the change in model geometry that results from using different magnetic 
susceptibility values. Within the 0.07+/-0.01 SI range the background value of 0.08 SI produced 
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Figure 8. A comparison on the geometry of a) the magnetic SGI model inverted with three 
different background magnetic susceptibility values: 0.07, 0.075, and 0.08 SI, and b) the gravity 
model with anomalous mound densities of 1.0, 1.25, and 1.5 g/cm3. The anomalous density being
the contrast between the massive sulfide mound’s density and the background basalt’s density. 
Each of the 3D models are shown as two cross-sections, the left cross-section running parallel to 
the drillcores, and the right-hand cross-section perpendicular to it, following the same 
orientations as in Fig. 4b. In a and b the dotted lines represent a one standard deviation 
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The SGI for the chloritized basalt model took 90 seconds to complete the GA optimization, and 
5.5 hours to complete the MCMC sampling (see Fig. S2 for the convergence curves). Both 
programs were run on 48 threads on a 2.20 GHz Intel Xeon E5-2650 Processor, with the GA 
running in parallel and the MCMC in serial. The result of the magnetic SGI is shown in Figure 
4b compared to the magnetic voxel inversion model, and again in Fig. 7c, d.
4.2 Gravity Inverse Modelling
As the gravity data only consisted of 11 stations, all roughly along a north-south line, a 
minimum-structure inversion of the data would be poorly constrained and produce an ambiguous
subsurface model. Therefore, only SGI models were created from the gravity data. Of the eleven 
stations, only the eight closest to the TAG mound were used to develop the SGI model as the 
other three had low signal sensitivity to the density of the TAG mound. 
The initial model for the base of the massive sulfide layer (Fig. 3c) was derived from the 
available drillcore data. The vertices for the gravity SGI were constrained with +10 m/-50 m 
bounds relative to the starting model solely in the vertical direction, as the model for the massive 
sulfide was already well constrained from the drilling. Density values of 3.65 g/cm3 and 2.4 
g/cm3 were used for the massive sulfide lens and underlying crust, respectively (Evans, 1996). As
discussed in Graber et al. (2020), a range of densities have been used to represent the TAG active
mound’s massive sulfide, from 3.5 g/cm3 to 3.8 g/cm3. Therefore, a reasonable uncertainty on our
choice of 3.65 g/cm3 would be +/- 0.15 g/cm3. The 2.4 g/cm3 density for the background basalt 
was chosen as it provided the best fit to the data while performing the Bouguer anomaly regional
signal removal. Densities of 2.3 g/cm3 and 2.5 g/cm3 provided adequate fits as well, which would
result in an effective background uncertainty of +/- 0.1 g/cm3. As the SGI forward solver 
calculated the gravitational signal of each facet in the surface model based off the difference in 
densities across the facet, the uncertainty of the difference in density between the massive sulfide
mound and background basalt will be the sum of the individual uncertainties, i.e. +/- 0.25 g/cm3. 
Therefore, the eight vertices used to define the massive sulfide layer model resulted in eight 
inversion variables. The subsequent SGI took 40 seconds to complete the GA, and 45 minutes to 
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The gravity SGI resulted in a model of the lower surface of the massive sulfide mound, 
separating the lens from the altered seafloor crust. The volume of rock contained between the 
gravity model and the TAG active mound’s bathymetric surface then approximates the volume of
massive sulfide contained in the lens. The massive sulfide lens model has an approximate 
volume of 594, 000 +/- 120,000 m3, which would indicate 2.17 +/-0.44 Mt of material assuming 
the 3.65 g/cm3 density used during the modelling, as used in Evans (1996). Figure 8b shows the 
SGI results using three density contrasts within the range of +/- 0.25 g/cm3 about the chosen 3.65
- 2.4 = 1.25 g/cm3 contrast. This comparison indicates the uncertainty on the geometry of the 
massive sulfide lens resulting from an uncertainty in the chosen density values.  
5 Discussion
The two SGI models produced in this study provide new information on two important aspects of
the TAG active mound: 1) the inversion of the gravity data provides a 3D model for the thickness
of the massive sulfide layer of the deposit; and 2) the inversion of the magnetic data creates an 
enclosing surface representing the outer extent of the chlorite-rich hydrothermal alteration of 
basalt beneath the deposit. The outer extent of the chloritized basalt will therefore indicate the 
depth and location of mixing between hydrothermal fluid and seawater at temperatures greater 
than 200°C. An updated geologic interpretation, in 3D, was made by combining the SGI surfaces 
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Figure 9. Two geological cross sections of the TAG active mound derived through gravity and 
magnetic geophysical inverse modelling and drillcore information. The cross-section a is 
oriented parallel to the drillholes and b orthogonal to them. Dotted white lines indicate inferred 
surfaces derived from the rock samples retrieved through drilling, and the solid black lines 
represent the surfaces created through SGI modelling. In both cross-sections the white space 
along the drillholes represents locations with zero recovery. c shows a plan view of the deposit 
with the interpreted vector for secondary circulation of seawater. 
Although the ODP Leg 158 drillholes were used to design the initial mode for the SGIs, their 
information did not bias results or influence the inversions once they started. The initial models 
provided a geometry and topology that should be somewhat close to the actual form of the active
mound’s rock units, but once the inversions began the models’ vertices moved within their 
positional constraints without influence from the initial model. The drillcore information was 
used to decide what background magnetic susceptibility to use, as multiple susceptibility values 
were used to construct a suite of SGI models but only the 0.08 SI background model was both 
statistically appropriate as a background value as well as agreed with the drillcore. There were no
chloritized basalt-basalt intersections in the drillcore to compare the magnetic SGI to, but the 
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The chloritized basalt model, which extends to ~150 m below the seafloor, indicates infiltration 
of local seawater (i.e. secondary circulation; Fig. 9) that approaches the base of the mound from 
the South-West in line with the axis-parallel faulting passing through the mound (Fig. 1a).
Pontbriand & Sohn (2014) determined a similar geometry for the secondary circulation through 
mapping the location of micro seismic events attributed to the precipitation of anhydrite at the 
locations of local seawater infiltration near the TAG mound. Their results showed a zone of high 
seismic event density to the immediate South-West of the mound, from the near surface to a 
depth of 125 m below the seafloor. This suggests that although the rising hydrothermal fluids are 
assumed to be approaching from the north-west on the regional scale (normal to the spreading 
axis; Szitkar et al., 2015), the locally infiltrating seawater and near surface component of the 
upflow zone approaches the active mound along axis parallel faulting. The axis parallel faulting 
is present at both the North and South of the TAG mound, but the southern faults are heavily 
cross-cut by axis-oblique faults and fissures (Fig. 1a).
Comparing the geometry of the modelled chloritized basalt unit to ancient VMS systems, 
primarily Cyprus-type deposits that have relatively undeformed alteration zones, the chlorite 
alteration units can have a range of thicknesses. The thicknesses of the units at the Mathiati 
deposit are 10-50 m, and 100-200 m thick at the Skouriotissa deposit (Hannington et al., 1998). 
These thicknesses are proportional to the size of the deposits, as a larger ore lens relates to a 
larger stockwork system, but they do compare to the 10-75 m thick modelled chloritized basalt 
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Using the massive sulfide lens SGI model, the volume of rock contained between it and the 
overlying bathymetric surface was calculated to be 595,000 m3 +/- 20%. The derived tonnage of 
2.17 +/-0.44 Mt of rock is in agreement with Graber et al., (2020)’s 2.27 Mt approximation, 
which was measured by placing an interpolated surface through the TAG mound to separate the 
unit of massive sulfide from the altered crust (Jamieson et al., 2014) and assuming a 3.5 g/cm3 
density. If 3.65 g/cm3 was assumed for the density in Graber et al., (2020)’s it would have 
resulted in 2.37 Mt, still in agreement with 2.17 +/-0.44 Mt. As seen in Figure 3d, the base of the 
massive sulfide lens matches closely with the form of the surrounding bathymetric surface, most 
notably observed by the raised region in the center of the mound aligning with the raised pillow 
mound terrain noted in Graber et al. (2020). The other study that approximated the massive 
sulfide tonnage in the TAG active mound was Hannington et al. (1998), that used a blocky model
of cylindrical units. Their calculated tonnage was 2.7 Mt for the massive sulfide lens, higher than
the value derived from this study’s model and that of Graber et al. (2020). This is most likely 
caused by the relatively large size of the units in the blocky model adding extra volume as the 
five cylinders at the top of the model could not accurately fit the active mound’s topography. 
Additionally, Hannington et al. (1998) used a 3.8 g/cm3 density in their calculations; if 3.65 
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In analysis of the geometry of the massive sulfide mound’s inversion model, the downward 
concavity of the mound’s base implies that the replacement alteration of the seafloor below the 
mound did not significantly increase its density. The alteration below the mound is composed of 
basalt brecciated with veins of silicate, sulfide, and sulfate minerals. The density for these lower 
alteration units and the background basalt used in this study was 2.4 +/- 0.1g/cm3. Since the 
density of the replacement alteration units appears similar to the unaltered basalt, it would imply 
that there is not a significant amount of higher density massive sulfide present in that region. 
However, this would contradict the samples collected from ODP Leg 158 which recorded 
average of 34 % composition of pyrite in the pyrite-anhydrite-silica breccia and the silicified 
wallrock breccia units (Ludwig et al., 1998). A possible explanation for the density of altered 
seafloor is that the drillcore recovery efficiency, which was 12% in Leg 158 (Humphris & Tivey, 
2000), is biased towards intervals that contain abundant higher density sulfide minerals. The 
higher density intervals would not crumble so easily during the drilling and would remain intact 
during retrieval. There might therefore be a lower amount of pyrite present in the seafloor below 
the massive sulfide lens than the Leg 158 drilling suggests. Of the samples recovered during the 
Leg 158 drilling, their mean percent composition was 34 % sulfide, 4.5 % anhydrite, 58 % 
quartz, and 3 % clay (Ludwig et al., 1998). Treating the composition of the recovered 12 % of 
the core as representative of 12 % of the stockwork zone, a geologic model of the remaining 88 
% was constructed to determine its composition. The model is made up of percentages of pyrite 
(5 g/cm3; Sharma, 1997), quartz (2.65 g/cm3; Sharma, 1997), anhydrite/basalt (2.9 g/cm3;
Sharma, 1997) and pore fluid (0.9 g/cm3; Bischoff & Pitzer, 1985), while constrained by the 
modeled bulk density of the stockwork zone (2.4 g/cm3) and that the percentages of the minerals 
and porosity sum to 100 %, 
2.4 g /cm3=%pyrite ∙(5g /cm
3
)+%quartz ∙ (2.65g /cm
3
)+%basalt ∙ (2.9g /cm
3
)+% porosity ∙(0.9 g/cm
3
) 6
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As seen in Fig. 10, the indicated upper bound of pyrite possible in the stockwork zone would be 
30 % (at a porosity of 63 %), with the lower bound being the 4.1 % already observed in the 
drillcore. It is unlikely that the stockwork zone’s alteration would greatly increase its porosity, 
with some studies indicating that the alteration instead decreases porosity with the precipitation 
of sulfides, sulfates, and silicates (Wilkens et al., 1991; Zhu et al., 2007). Therefore, the percent 
volume of pyrite in the stockwork zone might be better constrained by considering porosities 
equal to or less than the background basalt’s 26 %. This would indicate that at most 7.9 % of the 
stockwork zone would be composed of pyrite, occurring when there is zero basalt or anhydrite 
remaining and the alteration zone is solely sulfides and silicates. 
Figure 10. A geologic model of the percent composition of pyrite, quartz, basalt/anhydrite, and 
pore fluid that makes up the TAG active mound’s stockwork zone. a) a plot showing the percent 
composition of pyrite versus the composition of basalt/anhydrite, with each black line 
representing a constant porosity, at intervals of 10 % from the background value of 26 %. b) the 
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Our magnetic modelling assumed that all significant magnetization in the crust around the TAG 
active mound was parallel to the Earth’s inducing field, although some previous studies have 
suggested that remanent magnetization oblique to the Earth’s field might be present. Szitkar & 
Dyment (2015) found through magnetic forward modelling that the crustal magnetization under 
the TAG mound was rotated from the International Geomagnetic Reference Field’s (IGRF) 42° 
inclination and -15° declination to a 10° inclination and 0° declination. This 53° rotation of the 
crust’s magnetization about an axis parallel to the Mid-Ocean Ridge axis was inferred to be 
caused by the detachment fault tectonics in the region. To consider the presence of remanent 
magnetization oblique to the Earth’s inducing field vector a TMVI model was created to study 
any significant deviations of the model’s magnetization vectors (Fig. S3). The results indicated 
that the models showed a strong preference to have their magnetization in-line with the IGRF 
vector, with small groupings of cells containing oblique magnetizations, with respect to the 
IGRF, being associated with overfitting of the data. The effective magnetic susceptibility TMVI 
model contains less heterogeneities in the crust surrounding the TAG active mound, as given 
more degrees of freedom (i.e. effective magnetic susceptibility, inclination and declination, 
versus simply effective magnetic susceptibility as in the scalar magnetic inversion model) the 
TMVI program used near-surface variations from the IGRF direction to better fit the data rather 
than varying purely the effective magnetic susceptibility.  
A limitation of the gravity and magnetic modelling of SMS deposits is the inability of these data 
to resolve the size and geometry of the silicified wallrock stockwork breccia zone below the 
massive sulfide lens. This zone may contain a significant portion of the deposit’s precious and 
base metals and determining its volume would be of economic importance. Future work should 
combine the gravity and magnetic modelling with CSEM surveying (e.g. Gehrmann et al., 2019; 
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With the use of surface geometry inversion, sparse drilling and minimum-structure inversion 
results was further refined to develop a more comprehensive 3D wireframe geologic model of 
the TAG active mound. These wireframe models are composed of surfaces representing the 
discrete contacts between different rock units, which, in the case of the TAG active mound, was 
the interface between the massive sulfide lens and the underlying altered basalt, and the interface
between the chloritized basalt and the unaltered/minimally altered background basalt. Our 
gravity inversion model presented a 2.17 +/- 0.44 Mt massive sulfide estimate for and anhydrite 
contained in the deposit’s mound, and the magnetic inversion modelled the maximum depth 
where infiltrating seawater mixes with the rising hydrothermal fluids. The model is however 
limited in its inability to resolve the geometry of the deposit’s silicified wallrock breccia zone, 
but through the future integration of other geophysical surveying methods this could be 
amended.
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